1. Introduction {#s0005}
===============

Transcription factors (TFs) are proteins that play an essential role in controlling gene expression through binding of DNA thereby either promoting or suppressing transcription. By binding to specific segments of DNA in a gene\'s promoter region, a TF can up- or down-regulate gene expression by stabilizing or blocking binding of RNA polymerase, respectively [@bib1], [@bib2]. TFs may also recruit additional proteins into the transcription-DNA complex to aid in gene up-regulation (coactivators) or gene down-regulation (co-repressors) [@bib3]. Additionally, when bound to a gene promoter, TFs can trigger histone proteins to be acetylated or deacetylated. Acetylation leads to a weaker association between DNA and the histone proteins, allows easier DNA access gene transcription. Deacetylation, on the other hand, leads to a tighter association between the DNA and histone proteins, making it more difficult to access the DNA, leading to down-regulated gene transcription [@bib4].

TFs are transcribed in the nucleus and then translated in the cell's cytoplasm, where most of the TFs, excluding nuclear TFs (hormone receptors), are usually then sequestered. Nuclear translocation is thus key for TF activity. This nuclear shuttling of TFs is accomplished in a number of ways, but often requires access to the nuclear localization signal (NLS) localized on the TFs [@bib5]. Signaling transduction can induce rapid re-distribution of TFs from the cytosol to the nucleus through several different mechanisms. One is the interaction of the TF with the nuclear import and export machinery that is regulated by posttranslational modifications (PTMs). Here, a TF that resides in the cytosol and displays a low rate of nuclear import relative to its rate of nuclear export can rapidly move into the nucleus in response to a regulated increase in its association with an importin, decreased interaction with an exportin, or a combination of both. Alternatively, nuclear import can be reduced due to high-affinity binding of the TF to a cytosolic anchor protein or shielding of the NLS by a cytosolic protein partner. Both scenarios depend on the regulation of signal transduction-induced PTMs.

Oxidative stress is an imbalance between the systemic manifestation of ROS and a biological system\'s ability to quickly and efficiently detoxify the reactive intermediates or to repair the resulting damage. Disruption of the normal redox state of cells can cause toxic effects through the production of and free radicals and peroxides that damage all components of the cell, such as proteins, lipids, and DNA. Oxidative stress from oxidative metabolism causes DNA base damage, as well as DNA strand breaks. Base damage is mostly indirect and caused by ROS generated, e.g., ∙O~2~^−^ (superoxide anion), ∙OH (hydroxyl radical) and H~2~O~2~ (hydrogen peroxide). TFs regulating oxidative stress responses are charged with gaging the rescue response in a way that promotes the expression of genes promoting cell survival or, in cases of overwhelming cell damage, cell death. In both scenarios, however, a speedy signaling response of TFs is required. Oxidative stress is a transmitter of signaling responses in part by inducing PTMs on proteins that are both, reversible and irreversible. Recently, reports have accumulated demonstrating that redoxins regulate TF activity through direct interaction. So far, more often than not, these interactions involve an electron transfer, oxidation of TF's cysteine thiols through inter-disulfide exchange reactions, that way enabling a rapid and precise regulation of the stress response. Redoxins are proteins known to be involved in redox reactions and can reverse some oxidative stress induced PTMs on cysteine thiols such as thiol oxidations resulting in disulfide bridges. These redoxins include peroxiredoxins (PRDXs), thioredoxins (TRXs) and glutaredoxins (GRXs), which are all encompassed by the TRX-like superfamily. This family is a large, diverse group of proteins containing TRX folds that can alter the redox state of target proteins via the reversible oxidation of their active site dithiol. Recently, an increasing number of studies emerged describing TFs as target proteins of redoxins. Thus, in light of the fast kinetics involving redoxin thiol oxidation [@bib6], this review will discuss cysteine oxidation PTMs as essential regulators of TFs in the oxidative stress response.

2. Cysteine modifications in redox signaling {#s0010}
============================================

2.1. Cellular reactive oxygen species (ROS) {#s0015}
-------------------------------------------

ROS are chemically reactive species containing oxygen and include superoxide anions (∙O~2~^-^, containing a radical electron), singlet oxygen (^1^O~2~), hydrogen peroxide (H~2~O~2~), and hydroxyl radicals (∙OH) ([Fig. 1](#f0005){ref-type="fig"}). Some ROS are also called free radicals and are characterized by unpaired valence electrons such as the hydroxyl radicals (∙OH). Oxygen (O~2~) is thermodynamically highly reactive with having two unpaired electrons but kinetically considered stable because of spin restriction (Pauli exclusion principle). O~2~^-^ is a product of the naturally occurring one-electron reduction of molecular oxygen (dioxygen, O~2~) ([Fig. 1](#f0005){ref-type="fig"}, I) is also very reactive, but relatively unstable with a half-life of seconds in aqueous solution [@bib7]·H~2~O~2~ is a product of electron a reduction reaction where 2·O~2~^-^ in the presence of 2H^+^ either spontaneously or enzymatically dismutate into one molecule of H~2~O~2~ ([Fig. 1](#f0005){ref-type="fig"}, II). The enzymatic reaction is catalyzed by superoxide dismutases (SODs) and has a rate constant of about 1.6 × 10^9^ M^−1^ s^−1^, which is 3--4 magnitudes faster than the spontaneous non-enzymatic conversion [@bib8].Fig. 1Formation and elimination of reactive oxygen species. ROS are chemically reactive chemical species that contain oxygen. The reduction of oxygen (O~2~) produces superoxide, which in the presence of hydrogen can further dismutate to hydrogen peroxide (H~2~O~2~) (I)·H~2~O~2~, in turn, may be partially reduced to hydroxyl radical (∙OH) or fully reduced to water (H~2~O) (II)·H~2~O~2~ can react with ∙O~2~^-^ (Haber Weiss reaction, [Fig. 1](#f0005){ref-type="fig"}, III) or ferrous iron (Fe^2+^) (Fenton reaction, [Fig. 1](#f0005){ref-type="fig"}, IV) and hydroxyl radicals (∙OH) and hydroxide ions (HO^-^) are generated.Fig. 1

In contrast to ∙O~2~^-^, the decay rate of H~2~O~2~ substantially longer depends on the circumstances. For example, in aqueous solution, H~2~O~2~ has been found to range from 1 to 8 h and in the atmosphere, it is believed to last up to 24 h [@bib9]. In E.coli for example, H~2~O~2~ is formed at a rate of 10 μM s^−1^ and metabolized with a rate constant of k~cat~/K~m~ = 4 × 10^7^ M^−1^ s^−1^ by alkyl-hydroperoxide reductase C (AphC) with a titer of \~5 μM, resulting in a steady state concentration of 50 nM [@bib10]. Several newer kinetic models have been developed using analytical equations to estimate cellular H~2~O~2~ concentrations in mammalian cells by simulating kinetic curves for clearance. These analyses demonstrate that intracellular H~2~O~2~ levels may be much lower in the pico-nanomolar ranges in contrast to earlier findings placing them in micromolar ranges [@bib11]. Out of most ROS, H~2~O~2~ is stable for a longer time and thus plays an essential role as second messenger in thiol-based cell signaling, where it participates in both, thiol-disulfide interchange and thiol-oxidation reactions. These reactions are characterized by a wide range of rate constants depending on the local environment of the thiol group [@bib12], [@bib13]. The critical role for H~2~O~2~ in cell signaling stems from discoveries demonstrating phenotypic differences in outcomes depending on the localization of its production. When H~2~O~2~ reacts with ∙O~2~^-^ (Haber Weiss reaction, [Fig. 1](#f0005){ref-type="fig"}, III) or ferrous iron (Fe^2+^) (Fenton reaction, [Fig. 1](#f0005){ref-type="fig"}, IV) hydroxy radicals (∙OH) and hydroxide ions (HO^-^) are generated. The HO^-^ is a strong base and nucleophile, and the ∙OH, the neutral form of HO^-^, is a highly reactive radical and as such very short lived. Hydroxy radicals play an essential part in radical chemistry responsible for oxidative stress-induced DNA damage and lipid peroxidation [@bib14], [@bib15].

2.2. Cysteine oxidation {#s0020}
-----------------------

Cysteines contain a polarized sulfur atom of which the oxidation state can range from the fully reduced thiol/thiolate state to the fully oxidized sulfonic acid ([Fig. 2](#f0010){ref-type="fig"}). Many thiol reactions involve the nucleophilic attack of the deprotonated thiolate anion (S^**-**^) on an electrophilic center, that way making the overall reactivity of a thiol group strongly dependent on the pΚa of the cysteine side chain. Its position within a folded protein and the surrounding residues contribute to an individual cysteine\'s overall reactivity. Cysteine has a slightly alkaline dissociation constant (pΚa) of approximately 8.2 meaning that at physiological pH, it is more likely to be found in its protonated and therefore less reactive thiol state. In cases where a cysteine thiol is buried within the protein core, the pΚa has been found to be as high as \~9.5 [@bib16]. Hydrogen bonding between the thiol backbone and the polypeptide backbone or nearby sidechains seems an essential step in lowering the pΚa, while positively charged amino acids, which have been previously thought responsible for lowering thiol pΚa, appear to play a less critical role in stabilizing the deprotonated thiolate [@bib17]. Following this, a thiolate oxidizes to sulfenic acid (-SOH), which is the prerequisite for inter- or intramolecular disulfide bonding. Oxidation reactions of thiolate to sulfenic acid are reversible, and the disulfide bonds formed can be reduced upon reactions with thioredoxin reductase (TRXR) or glutathione reductase (GR) and NADPH as reducing equivalent. In the presence of H~2~O~2~, -SOH can be further oxidized to sulfinic acid (SO~2~H), and then from sulfinic acid to sulfonic acid (SO~3~H). These oxidations, however, are irreversible and result in permanent protein damage ([Fig. 3](#f0015){ref-type="fig"}) [@bib18]. Importantly, for the 2-cys peroxiredoxins, reduction of sulfinic acid is reversible in ATP-dependent reaction catalyzed by the oxidoreductase sulfiredoxin (Srx) [@bib19], [@bib20]. Disulfide bond formation can significantly impact protein structure, stability, and function. Specifically, a disulfide is often required for proper protein folding, and in the absence of a bond, the resulting protein could be dysfunctional or inactive [@bib21]. Oxidation of a thiol followed by disulfide bonding can have another vital function in redox signaling, and that is to regulate the activity of other proteins. For example, the below discussed thiol-disulfide exchange mechanism is one of the better-understood methods of protein regulation.Fig. 2Stepwise oxidation of cysteine residues. Oxidation of the sulfur atom within a cysteine residue can result in the stepwise formation of a reactive cysteine thiolate, sulfenic acid, sulfinic acid, and finally sulfonic acid. With the aid of reducing systems including NADPH, as well as thioredoxin reductase (TRXR) or glutathione reductase (GR), the oxidation reactions leading to disulfide formation are reversible. On the other hand, oxidation to sulfinic (not for peroxiredoxins) or sulfonic acid is irreversible.Fig. 2Fig. 3Thiol-disulfide exchange. A and B. A simplified model shows the thiolate group (nucleophile) on protein R to attack a sulfur atom of the protein disulfide bond of R′ and R′′. This creates a temporary \"tri-thiol\" ion (B) and ultimately displaces the other sulfur atom in the disulfide (protein R′′). This reaction leads in turn to the formation of a new disulfide bond between proteins R and R′, and a new thiolate ion (nucleophile) on protein R′′.Fig. 3

2.3. Thiol-exchange {#s0025}
-------------------

Redox reactions involve the coordinated reduction (gain of electrons) of one species and the oxidation (loss of electrons) of another. Disulfide bonds formation between cysteines can be triggered in different ways. One by direct thiol oxidation through a low molecular weight two-electron oxidant, such as H~2~O~2~, or by thyil radical formation via a single-electron transfer, or by the nucleophilic substitution of a thiol-disulfide with another thiol, also called thiol-disulfide exchange reaction [@bib22]. This reaction involves allosteric changes in protein structure and is thought to be responsible for intracellular redox homeostasis, and play an important role in antioxidant defense, in addition to its role in redox signaling [@bib23]. Thiol-disulfide exchange is preceded by deprotonation (loss of H^+^) of a thiol resulting in a negatively charged thiolate anion (S^-^) that is highly reactive and will readily react with other nucleophiles to become more stable and neutralize their negative charge. During the thiol-disulfide exchange, a reactive thiolate anion 'attacks' one of the sulfur atoms of an existing disulfide bond. The original disulfide bond then begins to break as a new one forms, creating a trisulfide-like transition state, a "tri-thiol" ion [@bib24]. Eventually, the new disulfide bond containing the 'attacking\' thiolate is formed, along with the release of a new thiolate anion ([Fig. 3](#f0015){ref-type="fig"}) [@bib25]. This reaction is highly transient, with the newly formed thiolate free to go on and react, forming or reforming other bonds and triggering further downstream reactions [@bib6]. There are several factors that affect the kinetics of thiol-disulfide exchange reactions such as the cysteine thiol surrounding pΚa, nucleophilicity in the context of pH, stability of the leaving group, the electrophilicity of the central disulfide sulfur, steric considerations such as H-bonding, coulombic and lastly, mechanical forces (reviewed comprehensively in [@bib6]). Therefore, it is important to consider that kinetic differences for thiol exchange reactions exist which in turn provide specificity of redox signaling. For example, in an analysis using high-performance liquid chromatography bacterial disulfide interchange proteins (DsbD and DsbC) were examined for the kinetics of inter-disulfide exchange reactions. Notably, a difference of 3 magnitudes in the second order rate constant *k*( M^−1^ s^−1^) was found, DsbD 3.9 × 10^6^ and DsdC 3.0 × 10^3^, respectively [@bib26].

3. Redoxins as regulators of redox-induced post-translational modifications {#s0030}
===========================================================================

Accumulation of ROS can cause permanent damage and dysfunction on both the cellular and organismal levels. Fortunately, cells have a way to combat detrimental effects in the form of antioxidants that inhibit the oxidation of other molecules. When there is a buildup of ROS in a cell or the cellular environment, antioxidants restore redox homeostasis by neutralizing the ROS into non-reactive products and repairing any erroneously oxidized molecules before permanent cell damage can occur. Enzymatic antioxidants such as superoxide dismutase (SOD), catalase, thioredoxins, glutathione peroxidase, and peroxiredoxins, all function to detoxify any excess ROS, often working in combination and a stepwise fashion ([Fig. 4](#f0020){ref-type="fig"}) [@bib27]. As an example, SOD can convert two superoxide anions into hydrogen peroxide (H~2~O~2~) and molecular oxygen (O~2~). To date, three mammalian SOD family members exist that differ in enzymatic cofactors and subcellular localization. For example, SODs that either use Cu/Zn localize in the cytosol (SOD1) or the extracellular space (SOD3) and the Mn utilizing SOD localizes to the mitochondria (SOD2)·H~2~O~2~ is converted into water and oxygen by peroxidases such as catalase, glutathione peroxidases (GPXs) and peroxiredoxins (PRDXs), which share similar rate constants reacting with H~2~O~2~: 10^7^--10^8^M^*−*1^ s^−1^.Fig. 4Neutralization of ROS by different antioxidants. SOD: Superoxide dismutase; Cat: Catalase; GPX: Glutathione peroxidase; GSH: Glutathione; TRX: Thioredoxin; PRDX: Peroxiredoxin.Fig. 4

In contrast to GPXs and PRDXs which are distributed throughout the cell, catalase is confined to the peroxisomes where it removes H~2~O~2~. It is still unclear, however, what distinguishes these peroxidases in their specificity in redox signaling given that all share very similar rate constants towards H~2~O~2~. The answer may lie in the rate-limiting step of enzyme recovery. For example, in contrast to catalase, which does not rely on reducing systems for restoration, GPXs and PRDXs depend on the availability of NADPH, dithiols (2GSH and TRX), and reductases. Also, catalytic cysteines of eukaryotic PRDXs are highly susceptible to the sulfenic acid formation which can undergo further oxidation to sulfinic and sulfonic acid leading to enzyme inactivation, which in the case of the later is irreversible [@bib28], [@bib29]. Thus, in case of lack or inactivity of the antioxidant enzymes cysteine oxidation on proteins occurs then due to the increased local amounts of ROS. In thiol-exchange reactions, however, antioxidant enzymes, such as redoxins, directly participate in the electron transfer in cysteine thiol oxidation and disulfide formation ([Fig. 3](#f0015){ref-type="fig"}). Recent research has demonstrated that redoxins, such as peroxiredoxins are often partners in thiol-exchange reactions thus acting as a relay switch in redox cell signaling.

3.1. Glutaredoxin-controlled transcription factors {#s0035}
--------------------------------------------------

Glutaredoxins (GRXs) are a family of redox enzymes which use glutathione (GSH), an antioxidant found ubiquitously across species, as a cofactor [@bib30]. Functioning similarly and with a similar structure to thioredoxins, glutaredoxins (GRXs) were first identified in *Escherichia coli*, and are found to exist in most living organisms, from prokaryotes up to humans [@bib31], [@bib32]. While there are many different isoforms, the classical GRXs are ten kDa proteins containing a C-P-Y-C motif within their active sites and comprise what is known as the glutaredoxin fold [@bib33]. In short, the glutaredoxin fold is a structure consisting of four-stranded β-sheets, surrounded by three α-helices. Similar structures exist in the TRX binding site [@bib34]. Reduction via the glutaredoxin system occurs when NADPH transfers electrons to glutathione reductase (GR), which then transfers electrons to GSH, GSH then functions as a cofactor for one of the GRX enzymes, allowing it to reduce target proteins via thiol exchanges [@bib35]. For a more in-depth review of GRXs see Fernandes and Holmgren [@bib36].

### 3.1.1. OXYR {#s0040}

A member of the LysR family of bacterial transcription factors, OxyR is a transcription factor found in *E. coli* and is a critical protein in transcribing antioxidant genes [@bib37]. OxyR's activity is modified through a ROS induced disulfide bond between two of OxyR's six cysteines (Cys199 and Cys208) and only activates transcription when in its structurally distinct oxidized form ([Fig. 5](#f0025){ref-type="fig"}). In its reduced form tetrameric OxyR binds to two pairs of adjacent DNA grooves in promoter regions of target genes thus preventing transcription. After oxidation of the Cys199 of OxyR by H~2~O~2~, sulfenic acid forms which the, in turn, attacks Cys208 to generate an intradisulfide bond. This structural change involves tetrameric OxyR that binds to four adjacent major DNA grooves that way allowing recruitment of RNA polymerase and activation of transcription [@bib38]. The Cys199-Cys208 bond is then reduced by GRX1, which is regenerated by GSH. When activated, OxyR functions to enhance the transcription of genes involved in the combating the adverse effects of oxidative stress [@bib39], [@bib40].Fig. 5H~2~O~2~ sensing by OxyR. In its reduced form OxyR binds to DNA promoter regions of target genes preventing transcription. After oxidation of the Cys199 of OxyR by H2O2, sulfenic acid forms that attacks Cys208 to form an intradisulfide. These structural changes in OxyR allow in turn recruitment of RNA polymerase and activation of transcription. The Cys199-Cys208 bond is then reduced by GRX1, which is regenerated by GSH.Fig. 5

The importance of reversible disulfide bridge formation between two proteins in cell signaling was demonstrated in 1998 by groundbreaking work from the Storz laboratory and has been ever since further defined by many publications and applied to other redoxins as discussed below [@bib40], [@bib41], [@bib42], [@bib43]. GRX1 triggers the recycling of a reversible disulfide bond, leading to the activation of OxyR. Mutational analysis confirmed that when OxyR cysteines 199 and 208 were mutated to serines, miRNA assays showed little to no expression of the OxyR target *oxyS*, further supporting the idea that Cys199 and Cys208 play a critical role in OxyR activation. Mass spectrometry revealed that the two peaks corresponding to alkylated Cys199 and Cys208 in the reduced protein disappeared and were replaced by a new peak corresponding to the sum of the two joined by a disulfide in the oxidized protein. This finding lent further support to the conclusion that a conformational change occurs to activate OxyR. Shown previously, the reaction of OxyR with H~2~O~2~ is fast and transient with a second-order rate constant of about 10^5^ M^−1^ s^−1^ and activation and target expression peaking at about 10 min after Cys199-Cys208 disulfide bridges are reduced [@bib37], [@bib43]. Isogeneic *E. coli* strains deficient in the components the GRX (GRX reductase*,* GSH, GRX) and TRX (TRX reductase, NADPH, and TRX) pathways, the central disulfide reduction systems found in cells, were analyzed for OxyR activity. GRX1 mutants showed marked increased in *oxyS* RNA expression levels following H~2~O~2~ treatment as compared to the wild-type strain, while the thioredoxin mutants displayed an identical or decreased *oxyS* expression profile. Incubation of oxidized OxyR containing the Cys199-Cys208 disulfide with GRX1 and purified GSH, the required cofactor of GRX1′s catalytic activity, eliminated OxyR activity; treatment with H~2~O~2~ restored OxyR activity. Finally, an examination of the GRX1 promotor revealed an almost perfect match to the OxyR consensus sequence, indicating OxyR triggers the transcription of GRX1. These data strongly suggested that the glutaredoxin pathway regulates oxyr. H~2~O~2~ triggers the formation of a disulfide bond, activating OxyR and triggering transcription of OxyR targets including GRX1, GRX1 then goes on to reduce and deactivate OxyR through an intermolecular disulfide thiol exchange.

3.2. Peroxiredoxin-controlled transcription factors {#s0045}
---------------------------------------------------

Peroxiredoxins (PRDXs) are a family of six (PRDX1, PRDX2, PRDX3, PRDX4, PRDX5, and PRDX6) hydrogen peroxide scavengers, antioxidant enzymes that reduce peroxides via the oxidation of a catalytic (or peroxidatic) cysteine to sulfenic acid [@bib44]. They can function as signal transduction proteins that regulate stress-induced signaling cascades [@bib45], [@bib46]. The number of cysteines they contain classifies PRDXs, except for PRDX6 which is a 1-Cys PRDX, while the rest of the family are 2-Cys [@bib47]. Classified as 2-Cys PRDXs, PRDX1-4, in addition to the catalytic cysteine, also contain a resolving cysteine that forms a disulfide bond with the sulfenic acid of the catalytic cysteine of a second PRDX molecule to form a head to tail dimer [@bib48], which can then be reduced via thioredoxin (TRX) to reset catalytic function. PRDX1 homodimers can associate noncovalently forming doughnut-like assemblies that are usually decameric. The redox state of the peroxidatic cysteine (C~P~) in PRDX1, is the best-characterized factor regulating the oligomerization of PRDX1 subfamily members. When C~P~ is reduced, a fully folded (FF) conformation is adapted through movement of the catalytic loop and C-terminal extension, thus stabilizing the decameric form. By reducing peroxides (ROOH) to ROH, C~P~ is oxidized to SOH, and the active site becomes locally unfolded (LU) permitting disulfide bonding of the C~P~ with the resolving cysteine (C~R~) from another PRDX1 subunit [@bib49]. This conformational change favors the dissociation of decamers into dimers [@bib50], [@bib51]. In case of PRDX1\'s C~P~ over-oxidation, PRDX1 decamers are also formed and thought to act as protein chaperones [@bib45]. Recently, reports have accumulated describing PRDX1 and PRDX2 to bind proteins by either forming disulfide intermediates (thiol-exchange reactions) or non-covalent interactions often involving overoxidized C~P~ of either PRDX1 or PRDX2. Examples of such binding partners include MKP5, JNK, p38α, MST1, and c-myc [@bib46], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56]. Covalent binding partners include STAT3, FOXO3, ASK1 and APE1 [@bib54], [@bib57], [@bib58], [@bib59]. Through these mechanisms, the PRDXs participate in regulating the activity of its binding partners by modulating redox-induced modification on important functional cysteines.

### 3.2.1. STAT3 {#s0050}

Signal transducer and activator of transcription (STAT) proteins are transducers and transcription factors involved in the regulation of cellular inflammatory responses, cell survival, and proliferation. Seven STAT family members have been described in mammals: STAT1-4, STAT5A, STAT5B, and STAT6. STAT proteins are induced by activation of cytokine-Janus kinase (JAK) signaling [@bib60], [@bib61]. When triggered by various cytokines and growth factors, STAT3 is phosphorylated at multiple amino acids along the protein, forming homo- or heterodimers, which then translocate into the nucleus and become activated [@bib62]. In addition to playing key roles in cellular processes such as cell growth and apoptosis, STAT3 has also been shown to play an essential role in the differentiation of helper T cells and is thereby involved in many autoimmune diseases [@bib63].

Depend on cellular signaling pathways and cellular context, JAK-STAT pathways are affected by redox signaling, but at the same time, modulate ROS homeostasis [@bib60]. While ROS trigger STAT3 phosphorylation as well a nuclear translocation, STAT3 can translocate into mitochondria and upregulate the activity of the electron transport chain which leads to an increase in ROS production, and STAT3-dependent antioxidant responses protect cells against oxidative stress [@bib60], [@bib64], [@bib65], [@bib66], [@bib67].

PRDX2 is a fine-tuner of STAT3 DNA binding activity through a redox relay. PRDX2 acts as an H~2~O~2~ signal receptor and transmitter for STAT3 where oxidative equivalents flow from PRDX2 to STAT3 [@bib59]. After the H~2~O~2~ cell stimulation, disulfide bond formation between PRDX2 and STAT3 was shortly followed by the forming of four distinct STAT3 oxidation products, disulfide-linked STAT3 dimers, and several tetramers. Out of the 14 STAT3 cysteines, loss of Cys418 within the DNA binding domain (DBD) had the most pronounced effect abrogating tetramers of higher molecular weights. Within the transactivation domain (TAD), loss of either Cys712 or Cys718 abolished STAT3 dimers. The Cys418 and Cys426 mutations diminished mixed disulfide intermediates \>160 kDa, most likely reflecting PRDX2-conjugated STAT3 dimers on their way to forming tetramers, while the loss of Cys712 and Cys718 decreased mixed disulfide intermediates \<160 kDa, most likely indicating PRDX2 conjugates of monomeric STAT3 on their way to form a dimer. These findings demonstrate that independent PRDX2-mediated oxidation pathways lead to STAT3 dimers and tetramers, respectively.

Furthermore, all STAT oxidation products derive from PRDX2-STAT3 intermediates. Most likely, the TAD is the initial or primary interaction site for PRDX2, as a C-terminally truncated STAT3 variant (lacking most of the TAD) did not show any H~2~O~2~-induced dimer or tetramer formation [@bib68]. In aggregate, this suggests that it is the interaction with PRDX2 that triggers STAT3\'s subsequent oxidation thus allowing STAT3 homodimerization and DNA binding ([Fig. 6](#f0030){ref-type="fig"}A). Interestingly, chemical inhibition of thioredoxin reductase increased STAT3 oxidation and concomitantly decreased STAT3 activity, suggesting the possibility that TRX1 may be a direct mediator of STAT3 disulfide reduction [@bib59]. However, while detection of TRX1-STAT3 disulfide exchange intermediates further supported this suggestion, TRX1 oligomers were not differentiated from PRDX2-STAT3 oligomers leaving open the possibility that TRX1 is a partner of the PRDX2-STAT3 complex to reduce PRDX2 dimers and not STAT3. Further research is needed to examine this hypothesis.Fig. 6Redoxin induced transcription factor activation and inactivation. (A) The redoxin, PRDX2, oxidizes STAT3 via a thiol-disulfide exchange. **(B)** Based on (A) the following model for PRDX1 regulation of FOXO3 is proposed: PRDX1 dimer forms an oligomer with free FOXO3 via disulfide bonds.Fig. 6

### 3.2.2. FOXO3 {#s0055}

The transcription factor Forkhead box O3 (FOXO3) is a downstream target of the PI3K/AKT signaling pathway [@bib69], and a member of the Forkhead family of proteins, which are defined by the evolutionarily conserved DNA-binding domain, the Forkhead box (FOX). As a FOXO protein, FOXO3 is involved in mechanisms of the DNA damaged response, cell survival, and proliferation. FOXO3 has explicitly been shown to act as a tumor suppressor regulating the expression of genes involved in oxidative stress resistance, cell cycle arrest, and apoptosis [@bib70], [@bib71], [@bib72], [@bib73]. In response to oxidative stress, FOXO3 translocates to the nucleus, where it becomes activated, even in the presence of growth factors that generally inhibit its activity [@bib74]. When inactive, FOXO3 remains sequestered in the cytoplasm through binding to phosphorylation by AKT at one or more of three AKT phosphorylation sites, T32, S253, and S315 because of association of FOXOs with 14--3-3 proteins [@bib74], [@bib75], [@bib76], [@bib77]. Phosphorylation, as well as dephosphorylation events, facilitate FOXO3 nuclear shuttling. The pro-apoptotic kinases JNK1, MST1, and p38α counteract FOXO3 AKT-induced cytoplasmic sequestration of FOXO3 by phosphorylating FOXO3 on Ser574, Ser209, and Ser7, respectively [@bib78], [@bib79], [@bib80], [@bib81]. On the other hand, PP2A has been shown to dephosphorylate FOXO3 on Akt phosphorylation sites T32 and S253 resulting in dissociation of 14-3-3 from FOXO3 and nuclear accumulation of FOXO3 [@bib82]. Interestingly, JNK1, MST1, p38α as well as PP2A have been shown to be differentially regulated by PRDX1 under oxidative stress [@bib52], [@bib55], [@bib56], [@bib83], [@bib84], [@bib85].

In a study carried out by Hopkins et al. [@bib58], PRDX1 has been shown to bind to, and subsequently regulate FOXO3 activity. In the absence of H~2~O~2~, PRDX1 binds to FOXO3 at low levels, but upon stimulation with H~2~O~2~, PRDX1 binding to FOXO3 increases. PRDX1-FOXO3 binding was time-dependent, with coupling occurring shortly after stimulation, only to decrease steadily after reaching its peak. Site-specific mutagenesis studies suggested that an oligomer is comprised of a PRDX1 dimer and a FOXO3 monomerfound. This heterotrimer involves FOXO3 cysteines 31 or 150, as previously indicated by a mass spectrometry analysis by Putker and al [@bib86] as well as the dimer-building PRDX1 cysteines 52 and 173. As these PRDX1 cysteines, are essential in its peroxidase activity and have been implicated in other studies in redox relay reactions, these findings suggest a disulfide bond between PRDX1 and FOXO3, which could be part of a redox relay [@bib54]. PRDX1 and FOXO3 oligomer analysis on non-reducing gels using FOXO3 cysteine mutants further supported this hypothesis. Compared to wild type FOXO3, the FOXO3 cysteine mutants (Cys31 and Cys150) showed elevated levels of phosphorylation at AKT phosphorylation sites, which were not significantly altered by H~2~O~2~ stimulation, suggesting cytoplasmic sequestration and inactivity of FOXO3. This result was confirmed by a) localization studies that showed nuclear wild type FOXO3 upon increasing amounts of H~2~O~2~ stimulation with cytoplasmic sequestration of FOXO3 cysteine mutants that abrogated binding to PRDX1 and b) loss of FOXO3 targets in cells expressing either expressing FOXO3 cysteine mutants. In aggregate, a functional mechanism for the redox specific regulation of FOXO3 by PRDX1 was possible where PRDX1 calibrates FOXO3 activity under oxidative stress ([Fig. 5](#f0025){ref-type="fig"}B). At low levels of H~2~O~2~, PRDX1-unbound FOXO3 is accessible for AKT-induced phosphorylation that sequesters FOXO3 in the cytoplasm and can lead to FOXO3 degradation. While H~2~O~2~ increases, a disulfide forms between PRDX1 and FOXO3, protecting FOXO3 from AKT-induced phosphorylation. Once H~2~O~2~ levels increase further, the PRDX1 peroxidatic cysteines become over-oxidized with the consequential release of FOXO3 to the nucleus due to phosphorylation by JNK, p38 or MST-1 ([Fig. 6](#f0030){ref-type="fig"}B).

3.3. Thioredoxin-controlled transcription factors {#s0060}
-------------------------------------------------

Thioredoxins (TRX), discovered in *E. coli*, are small dithiol redox proteins that play roles in a multitude of biological functions both inside and outside the cell, including the redox-driven regulation of gene transcription [@bib87]. TRXs contain a highly conserved active site, consisting of two cysteine residues (C-G-P-C). TRX antioxidant activity is restored through the reversible oxidation of these conserved active site cysteines [@bib88]. TRX also plays an essential role in regulating the functions of many target proteins, through the maintenance of the cell's redox environment. When oxidized from its reduced form (TRX-SH-SH) to its oxidized form (TRX-S~2~), a disulfide bridge can form between the two active site cysteines, resulting in electrons being donated to the target protein, thereby reducing it, and regulating its activity through the previously described thiol-exchange [@bib35]. Some of the targets of TRX include transcription factors, which can be both directly and indirectly controlled.

### 3.3.1. NF-kappa B {#s0065}

The transcription factor nuclear factor of kappa B (NF-κB) is not a single protein, but rather, is a transcription factor family. NF-κB is made up of two polypeptide subunits, p50 and p65, with each contributing to the binding specificity of the heterodimer [@bib89]. As reviewed in Lenardo et al. [@bib90], NF-κB is involved in the regulation of numerous cellular processes, including the immune and inflammatory responses, cell growth, and apoptosis. Oxidative stress can have activating and inhibiting effects on NF-κB which depends on the duration and the context of the exposure (reviewed comprehensively in [@bib91]).

A redox-dependent regulation of NF-κB was discovered first in a study carried out by Matthews et al. in 1992 [@bib92], and similarly by Hayashi et al. in 1993 [@bib93], where both studies described the role of redox regulation in the activation and control of NF-κB by TRX. DNA binding assays reveanled that NF-κB\'s DNA binding affinity is enhanced in the presence of reducing reagents, while thiol-blocking compounds blocked NF-kB\'s DNA binding affinity. Systematic mutation analysis of the conserved cysteine residues of the NF-κB p50 subunit, identified Cys62 as the critical cysteine involved in NF-κB's binding to DNA, as the Cys62Ser NF-κB protein showed reduced DNA binding affinity and insensitivity to thiol-modifying agents. In vitro, TRX promoted p50 dimers formation lead to DNA binding of NF-kB proteins, which was abolished in p50 Cys62 mutants. In resting cells, p50 Cys62 is highly oxidized in the cytoplasm but is rapidly reduced by TRX once NF-κB has migrated into the nucleus [@bib94]. Besides TRX other enzymes have been reported to control the reduction of nuclear p50 Cys62. In resting cells, TRX mainly localizes to the cytoplasm, however, translocates into the nucleus upon cellular stimulation by TNFα. There, TRX it reduces p50 Cys62 to promote NF-κB DNA binding [@bib92], [@bib95]. Besides TRX, AP endonuclease 1/redox factor 1 (APE1/Ref-1), an enzyme with apurinic/apyrimidic (AP) endonuclease activity and essential for the base excision repair pathway [@bib96] reduces oxidized cysteine residues within several transcription factors, including Cys62 of NF-κB p50 [@bib94]. Interestingly, APE1/Ref-1 appears to act via two mechanisms. First, as a redox actor APE1/Ref-1 directly reduces cysteine thiols which require critical cysteine residues located within the N-terminal region of APE1/Ref-1 (Cys65) [@bib97]. Second, APE1/Ref-1 regulates the DNA binding activity of NF-κB by promoting the reduction of p50 Cys62 by GSH as well as TRX [@bib98]. It thus appears that APE1/Ref-1 both acts as a redox factor and a redox chaperone.

TRX reduces the oxidized Cys62 by donating protons in a structure-dependent fashion. The inter-molecular disulfide bridge between TRX and NF-kB was suggested to be transient because the binding of TRX to the NF-kB DNA-binding loop prevents NF-kB to recognize the target DNA. Based on biochemical reactions it was postulated that zinc ion (Zn2+) replaces the inter-molecular disulfide bridge and dissociates NF-kB from TRX leading then to NF-kB DNA binding and activity [@bib99], [@bib100]. Although recombinant p50 forms a homodimer involving Cys62 of another p50 subunit, the biological role of this homodimer remains elusive. Therefore, it entirely possible that Cys62 oxidation involves heterodimer disulfide formation with another NF-kB subunit or another protein ([Fig. 7](#f0035){ref-type="fig"}).Fig. 7Redox-regulation of NF-kB by TRX. In resting cells, p50 Cys62 is highly oxidized in the cytoplasm but is rapidly reduced by TRX once NF-κB has migrated into the nucleus. After the reduction of Cys62, a zinc ion replaces the inter-molecular disulfide bridge and dissociates NF-kB from TRX leading to NF-kB DNA binding and activity. Recombinant p50 forms a homodimer involving Cys62 of another p50 protein. However, a biological role of this homodimer remains elusive. Therefore, it is entirely possible that Cys62 oxidation spurs disulfide-based heterodimers with p65 or even another protein.Fig. 7

### 3.3.2. SP1 {#s0070}

Limited information is available for how TRX binding regulates specificity protein 1 (Sp1) activity. Sp1 is a member of the Sp family of transcription factors and contains a zinc finger motif which binds to GC boxes found in the promoter regions of its gene targets, triggering transcription [@bib101]. Sp1 is susceptible to a number of post-translational modifications, such as phosphorylation and acetylation, which regulate its activity, allowing it to function as either an activator or repressor depending on the type and location of the PTM. [@bib101]. Many of Sp1\'s targets are thought to be "housekeeping" genes, transcribing proteins involved in cellular metabolism [@bib102]. As a zinc finger protein, the Zn2+ ions within each motif can coordinate with histone and cysteine residues present in the protein, thereby making Sp1 susceptible to redox regulation [@bib103]. Moreover, Sp1, as well as Sp3, are induced by oxidative stress and activate the transcription of antioxidant proteins [@bib104], [@bib105], [@bib106].

In a 2003 study by Bloomfield et al. [@bib106], Sp1 was found to be a direct target of TRX regulation. In previous studies [@bib107] it was found that the *Trx* promotor contains three conserved conscious sequences for Sp1. With this knowledge, and through the use of electrophoretic mobility shift assays (EMSAs), luciferase assays, and simple protein expression analyses, Bloomfield showed that TRX probably binds to Sp1 in a redox-dependent manner thus enhancing Sp1 DNA binding: TRX binding to Sp1 decreases as H~2~O~2~ concentration increases. Although the interaction between TRX and Sp1 have yet to be further specified, we speculate that in the presence of the TRX recovery system (thioredoxin reductase, NADPH) TRX binding to Sp1 involves electron transfer between the two proteins as an intricate part of regulation [@bib106].

4. Conclusions and future directions {#s0075}
====================================

Binding to target DNA and triggering the expression of gene transcription involved in essential biological pathways, transcription factors are integral players in the proper cellular and organismal function and survival. Any dysregulation or dysfunction in a transcription factor can lead to a broad range of diseases including cancer, autoimmune disease, cardiovascular disease, neurological disease, and diabetes [@bib108]. Maintenance of ROS levels is essential for organismal well-being and are controlled by enzymatic and non-enzymatic antioxidant defenses that scavenge oxidative aggression. ROS induce PTMs on protein thiols which in turn calibrate protein activities towards an adequate cellular response. Here we discussed the role of PTMs in regulating oxidative stress-responsive TFs. We described TFs that are participating in rapid redox reaction such as inter-disulfide exchange, that way titrating a response to changing redox level. As depicted in [Fig. 5](#f0025){ref-type="fig"}, PRDX1, as well as PRDX2, perform such relay function with FOXO3 and STAT3, respectively. Given the requirement of reducible disulfide bridges in the relay partners, it is conceivable to assume that with a rise in H~2~O~2~ levels, the relay is shut off due to non-reducible thiol modifications that prohibit further regulation of TFs by redoxins. The high-affinity redoxins have for ROS may be the key to this mechanism. For example, the rate constant for reactions between H~2~O~2~ and PRDXs ranges between 3.0 × 10^5^ -- 1.0 × 10^8^ (M^−1^ s^−1^) [@bib109], [@bib110], in times of stress when H~2~O~2~ levels are high, a PRDX can quickly scavenge the H~2~O~2~, becoming oxidized, and in turn can promptly oxidize a target transcription factor. Depending on the manner in which the transcription factor is regulated that is activation or inactivation, this fast action can result in the fact up-regulation or down-regulation of target genes that may be key in to the stress response or reestablishing redox homeostasis. The redoxin-driven regulatory pathways may be critical sensors able to differentiate systems operating in a healthy state from systems affected by oxidative stress. By gaining a deeper understanding of the various mechanisms by which signaling during oxidative stress affects TF activity will provide a better understanding of disease pathologies related to disturbed redox homeostasis, such as cancer and neurodegenerative conditions.

There is still much to be explored concerning the relationship between redox, antioxidants, and transcription factor regulation, but with each discovery, our understanding of what drives essential cellular processes grow, opening up new avenues of investigation for when those processes fail.
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